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Abstract

The Linzizong volcanic succession (~65–45 Ma) and the coeval batholiths (~60−40 Ma) of andesitic to rhyolitic composition represent a
magmatic response to the India–Asia continental collision that began at ~70–65 Ma and ended at ~45–40 Ma with convergence continuing to
present. These syncollisional felsic magmatic rocks are widely distributed along much of the N1500 km long Gangdese Belt immediately north of
the India–Asia suture (Yarlung–Zangbo) in southern Tibet. Our study of the Linzizong volcanic rocks from the Linzhou Basin (near Lhasa)
suggests that syncollisional felsic magmatism may in fact account for much of the net contribution to continental crust growth. These volcanic
rocks show a first-order temporal change from the andesitic lower Dianzhong Formation (64.4–60.6 Ma), to the dacitic middle Nianbo Formation
(~54 Ma), and to the rhyolitic upper Pana Formation (48.7–43.9 Ma). The three formations show no systematic but overlapping Nd–Sr isotope
variations. The isotopically depleted samples with εNd(t)N0 indicate that their primary sources are of mantle origin. The best source candidate in
the broad context of Tethyan ocean closing and India–Asia collision is the remaining part of the Tethyan ocean crust. This ocean crust melts when
reaching its hydrous solidus during and soon after the collision in the amphibolite facies, producing andesitic melts parental to the Linzizong
volcanic succession (and the coeval batholiths) with inherited mantle isotopic signatures. Ilmenite as a residual phase (plus the effect of residual
amphibole) of amphibolite melting accounts for the depletion of Nb, Ta and Ti in the melt. The effect of ocean crust alteration plus involvement of
mature crustal materials (e.g., recycled terrigeneous sediments) enhances the abundances of Ba, Rb, Th, U, K and Pb in the melt, thus giving the
rocks an “arc-like” geochemical signature. Residual amphibole that possesses super-chondritic Nb/Ta ratio explains the sub-chondritic Nb/Ta ratio
in the melt; residual plagioclase explains the slightly depleted, not enriched, Sr (and Eu) in the melt, typical of continental crust. These
observations and reasoning plus the remarkable compositional similarity between the andesitic lower Dianzhong Formation and the model bulk
continental crust corroborates our proposal that continental collision zones may be sites of net crustal growth (juvenile crust) through process of
syncollisional felsic magmatism. While these interpretations are reasonable in terms of straightforward petrology, geochemistry and tectonics, they
require further testing.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The continental crust comprises no more than ~0.5% of the
Earth's mass, but it is an important geochemical reservoir
because it is enriched in many incompatible elements, and
contains more than ~30% of Earth's Ba, Rb, Th, U, K, Pb
budget (Taylor and McLennan, 1995; Rudnick, 1995; Rudnick
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Fig. 1. Top: the Tibetan plateau comprises a number of accreted blocks separated by suture zones indicated with thick lines and Roman numerals. The N1200 km long
Linzizong Volcanic Succession (LVS) (grey patches) in the N1500 km long Gangdese Belt (stippled area) between Bangong–Nujiang (VII) and Yarlung–Zangbo
(VIII) sutures are highlighted. Bottom: close-up of the LVS and the spatial distribution of the Southern Gangdese Batholiths (SGB) simplified from the 1:250,000 scale
geologic map (Pan et al., 2004). Detailed mapping and stratigraphy (Dong, 2002) of the LVS were carried out in the Linzhou Basin as indicated. Modified from Mo et
al. (2003) and Zhou et al. (2004).
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and Fountain, 1995; McDonough and Sun, 1995; Rudnick and
Gao, 2003). While bulk composition of continental crust is
reasonably well established (Rudnick and Gao, 2003), a
genuine understanding of its origin, mode and rate of accretion,
and how it has acquired its “andesite” bulk composition from
mantle derived materials remains speculative (e.g, Rudnick and
Gao, 2003; Kelemen et al., 2003a,b; Plank, 2005; Davidson and
Arculus, 2006). The broad similarity in trace element
geochemistry between bulk continental crust and island arc
volcanic rocks (i.e., the “arc-like signature”, characterized by
depletion of Nb, Ta, Ti etc. relative to enrichment of Ba, Rb, U,
K, Pb etc.) suggests a genetic link (Taylor and McLennan,
1985), which led to the “andesite” or “island arc” model for the
origin of continental crust (Taylor, 1967, 1977). Geochemical
calculations suggest that at least 80% of the crustal mass was
generated by subduction-zone magmatism (Plank and Lang-
muir, 1998; Barth et al., 2000). On the other hand, recognition
of model age “spikes” (e.g., McCulloch and Bennett, 1994;
Condie, 2000) preserved in the geologic record suggests that
pulses of mantle derived melts, perhaps in the form of “mantle
plumes” (e.g., oceanic plateaus and continental flood basalts),
must also have contributed episodically to the crustal mass
(Stein and Hofmann, 1994; Abbott and Mooney, 1995; Abbott
et al., 1997; Polat et al., 1998; Albarède, 1998; Condie, 2000;
Niu et al., 2003; Kerr, 2003; Kemp et al., 2006; Hawkesworth
and Kemp, 2006).

If we assume that continental crust is ultimately derived from
mantle melts, both at island arc settings and from intraplate
environments, then any successful model for continental crust
growth must be able to address two obvious questions: (1) what
physical mechanisms may have effectively transformed the
dominantly mafic mantle derived materials into the andesitic
continental crust composition, and (2) what processes may have
amassed intra-ocean island arcs and “scattered” oceanic
plateaus to join the existing continents. There has been much
effort to address the first question in the context of subduction-
zone magmatism because primitive arc melts and bulk arc crust
are too mafic (e.g., Gill, 1981; Arculus, 1981; Pearcy et al.,
1990). Removal of mafic/ultramafic lower arc crust cumulate
beneath active arc or during orogenesis is a popular idea (e.g.,
Kay and Kay, 1993; Rudnick, 1995; Plank, 2005) to explain
why only felsic arc lithologies contribute to continental crust,
although physical mechanisms for such removal may be
complex (Jull and Kelemen, 2001).

Slab melting and melt-mantle interactions are thought to be
an important mechanism to produce high magnesian andesites
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(HMAvs. basaltic melts) resembling continental crust composi-
tion (Kelemen, 1995; Kelemen et al., 2003b; Tatsumi, 2006).
However, this requires not only warm slabs but also unusually
hot mantle wedge that is rare at present (Tatsumi, 2006), and
modern bulk arc crust is mafic anyway. Likewise, adakites
(Defant and Drummond, 1990) are a variation of HMA with
“garnet-signature” resembling the more abundant TTG suite
produced in the Archean when the mantle was hotter. Present-
day adakites, once thought to be unique product of slab melting,
can in fact be formed in different tectonic settings by various
means (see Castillo, 2006).

Nevertheless, continental crustal materials may indeed be
forming at present along island arcs such as the Izu–Bonin–
Mariana arc system (e.g., Takahashi et al., 2007), but it is
unclear how intra-oceanic arcs contribute to continental growth
because they are moving away from continents; back arc basins
spread and ocean basins spread also. Importantly, it has been
demonstrated quantitatively that crustal addition by subduction-
zone magmatism is mass balanced by crustal loss through
sediment subduction and subduction erosion (von Huene and
Scholl, 1991; Scholl and von Huene, 2004; Clift and Vannucchi,
2004) on modern Earth. Furthermore, isotopic studies demand
that crustal recycling at subduction zones has been important
since ~2.0 Ga (Kramers and Tolstikhin, 1997). Therefore, active
subduction zones may not be sites for net continental growth.

In this paper, we use the geochemistry of the Linzizong
Volcanic Succession (LVS), which is compositionally andesitic
to rhyolitic, in southern Tibet (Fig. 1) to hypothesize that partial
melting of the remaining part of the Tethyan ocean crust, or the
leading edge of the Indian plate, during and shortly after India–
Asia collision may be responsible for these felsic volcanic rocks
and the coeval South Gangdese batholiths (SGB). The
Linzizong andesite, the basal section of the LVS with mantle
isotopic signature, resembles remarkably the model bulk
composition of continental crust (Rudnick and Gao, 2003) in
terms of abundances of most elements and key elemental ratios.
If our hypothesis for the syncollisional felsic magmatism is
proved to be of general significance, then continental collision
zones are ideal sites of crustal growth, which relieves the need
of some unknown process or processes to return the more mafic
component of the arc crust to the mantle required by the “island
arc” model. We stress that our hypothesis does not answer the
question when and how the first continental crust formed, but
offers alternatives to explain “juvenile” crust formation and
continental crust growth with fewer difficulties.

2. Paleogene Linzizong volcanic succession in southern
Tibet

The Linzizong Volcanic Succession (LVS, andesitic to
rhyolitic in composition) of the Gangdese Belt in southern
Tibet (Fig. 1) offers a prime opportunity to test our hypothesis
highlighted in the previous section. The LVS rocks (1) are
syncollisional, emplaced during the India–Asia collision from a
“soft” touch at ~70–65 Ma to a “hard” clash at ~45–40 Ma
(e.g., Yin and Harrison, 2000; Flower et al., 2001; Mo et al.,
2002, 2003, 2006, 2007), thus representing the material witness
of the continental collision process with time; (2) they are
volcanic rocks (vs. crystalline intrusives), and thus have
recorded more faithfully signals of magma generation and
evolution; (3) they distribute extensively along much of the
Gangdese Belt for ~1200 km (Fig. 1) with well defined/
documented stratigraphy in the Linzhou basin, thus allowing
detailed examination of how the volcanism may have changed
in time in response to the collision; (4) they are likely co-genetic
with the giant South Gangdese Batholiths (SGB; Fig. 1), thus
allowing proper evaluation of total juvenile crustal mass; (5)
they also contain much younger (25–10 Ma) ultrahigh-potassic
lavas, allowing the study of their petrogenesis in the context of
the collision and aftermath; and importantly (6) the Himalaya is
the world's youngest and still active orogenic belt today, hence,
the result of this work may serve as a reference for studying
collision-associated magmatism and crustal formation in the
geologic record.

2.1. Regional geology

The Tibetan Plateau is a geological amalgamation as a result
of several continental collision events since the Early Paleozoic
(e.g., Allègre et al., 1984; Dewey et al., 1988; Yin and Harrison,
2000) (Fig. 1). The Gangdese Belt, also called Lhasa Terrane, is
the southernmost Eurasian block immediately north of the
Yarlung–Zangbo suture (VIII in Fig. 1) of the India–Asia
collision. The Gangdese Belt is considered as an Andean-type
active continental margin prior to the collision beginning ~70–
65 Ma (Yin and Harrison, 2000; Flower et al., 2001; Mo et al.,
2003, 2006, 2007), and is interpreted as rifted from Gondwana
(Leeder et al., 1988; Pearce and Mei, 1988) before it collided
with Eurasia along the Bangong–Nujiang suture (VII in Fig. 1).
The basement of the Gangdese Belt is poorly exposed, but may
consist largely of the Cambrian Amdo gneisses (Harris et al.,
1986; Dewey et al., 1988) and perhaps also of older and more
complex lithologies (e.g., Yin and Harrison, 2000; Kapp et al.,
2003). While shallow marine sequences of Paleozoic and
Mesozoic crop out in many localities (metamorphosed to slates,
phyllites, schists, gneisses, amphibolites and migmatites)
(Leeder et al., 1988; Yin et al., 1988; Willems et al., 1996;
Murphy et al., 1997; Yin et al., 1999; Kapp et al., 2003), the
Gangdese Belt contains numerous granitoid batholiths (hence
the name Trans-Himalayan Batholiths). They are older in the
north (N150 Ma), and younger towards the south (e.g, Yin and
Harrison, 2000). The South Gangdese Batholiths (SGB) belt is
dominated by 60–40 Ma composite plutons (Scharer et al.,
1984; Copeland et al., 1987; Jiang et al., 1999; Mo et al., 2005),
extends E–W for up to 2000 km, and accounts for ~45% of all
the batholiths exposed in the Gangdese Belt. The SGB
intrusives share time and space with the LVS (Mo et al.,
2005; Dong et al., 2005), but were previously interpreted as
resulting from Tethyan seafloor subduction beneath the
Eurasian Andean-type continental margin (Allègre et al.,
1984; Dewey et al., 1988; Pearce and Mei, 1988) based on
the then accepted view that the India–Asia collision com-
menced at ~45 Ma. The older batholiths to the north are
interpreted as resulting from southward subduction of the



Table 1
Simplified stratigraphy of the Linzizong Volcanic Succession in Linzhou Basin, southern Tibet

Time
period

Formation Thickness 40Ar–39Ar
age

Description

Quaternary loose sediments: fluvial sands, gravels, boulders, collapses, and loess etc.
Tertiary Neogene Pana N2000 48.73 to

43.9 Ma
Mainly high potassic (high-K) rhyolitic ignimbrites with inter-layered alluvial sedimentary rocks

Nianbo ~720 ~54 Ma Mostly rhyolitic, dacitic and basaltic trachy-andesitic rocks intercalated with beds of lacustrine
limestones and tuffs

Paleogene Dianzhong ~2300 64.4 to
60.6 Ma

Mostly andesitic lavas (~50%) and pyroclastic deposits (~50%) with increasing trachy-andesite and
dacite upwards

Angular unconformity on top the Cretaceous Shexing Group (K/T unconformity)
Late Cretaceous Shexing

group
Strongly deformed sandstone, siltstone and slate
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Qiangtang terrane (Fig. 1) (Pearce and Mei, 1988; Yin and
Harrison, 2000; Kapp et al., 2003, 2005), but some juvenile
crust materials have been recognized there recently using zircon
Hf isotopes (Chu et al., 2006).

A prominent phenomenon in the Gangdese Belt is the
strongly deformed Cretaceous strata that show conspicuous
regional unconformity with the overlying undeformed LVS
volcanic strata of subaerial eruption (Allègre et al., 1984;
Coulon et al., 1986; Willems et al., 1996; Dong, 2002; Mo et al.,
2003, 2006, 2007). Recent 1:250,000 scale geologic mapping of
the Gangdese Belt (Pan et al., 2004) revealed that the LVS
distributes extensively, extending E–W for N1200 km long and
taking N50% outcrop area of the entire Gangdese Belt (Fig. 1).
This unconformity goes with the LVS throughout the entire
Gangdese Belt, suggesting a major tectonic event, which,
together with the geochronological data (Zhou et al., 2004),
allows Mo and co-authors (Dong, 2002; Mo et al., 2002, 2003;
Zhou et al., 2004; Mo et al., 2006, 2007) to advocate that the
unconformity, which is ≥65 Ma, represents the onset of the
India–Asia collision, supporting the inference of ~70–65 Ma
by Yin and Harrison (2000) based on a multitude of
observations.

2.2. Brief stratigraphy of the Linzizong Volcanic Succession
(LVS)

So far, a relatively detailed study of the LVS rocks is limited
to the Linzhou Basin near Lhasa (Fig. 1) (Dong, 2002; Mo et al.,
2003; Zhou et al., 2004), where the LVS has a total thickness of
~5000 m, readily subdivided into lower Dianzhong (LDF),
middle Nianbo (MNF) and upper Pana (UPF) formations (Table
1) based on eruption hiatuses (Dong, 2002).

2.3. Ages of Linzizong volcanics

Previously reported ages for the LVS rocks vary in a narrow
range of 49.2–56.2 Ma (Jin and Zhou, 1978; Maluski et al.,
1982; Xu et al., 1985; Coulon et al., 1986), but the stratigraphic
positions of the dated samples are unknown. Table 1 gives the
best age dates on representative samples from the Linzhou
Basin (Zhou et al., 2004), which place the LVS eruptions in the
Paleocene to Early Eocene, suggesting a more-or-less contin-
uous volcanic activity for ~20 Myrs. Recent 1:250,000 scale
geologic mapping in the Gangdese Belt (Pan et al., 2004) has
characterized the LVS in the entire Gangdese Belt and agreed in
general with the stratigraphic column in the Linzhou Basin
(Dong, 2002). However, some basal andesites of the LVS from
Cuoqin in middle Gangdese and Ngari in western Gangdese
gave whole-rock K–Ar ages of 58.6 Ma (Guogang Xie, pers.
Comm., 2002) and 60.68 Ma (Guo et al., 1991), respectively. If
these K–Ar dates are reliable, it would suggest somewhat
diachronous onset of the LVS volcanism along the Gangdese
Belt, while recognizing factors such as spatial variation of
individual lava flows and sampling uncertainties in topogra-
phically complex terrenes.

3. Samples

A total of 17 samples (5 from each of the three formations
and two mafic dykes) have been analyzed for major and trace
elements. Three of these samples and an additional seven
samples have been analyzed for Sr and Nd isotopes. These
samples were collected in 2000 (except for sample L1108) as
part of the project to establish the stratigraphic column of the
LVS in the Linzhou Basin near Lhasa (Fig. 1) (see Dong, 2002).
Rock types, sample locations and petrography of all these
samples are summarized in Table 2. The geochemical data on
these 24 samples and another 14 samples published previously
(Mo et al., 2007) plus some unpublished (compositionally
similar) data are used for discussion.

4. Analytical techniques

Bulk compositions were determined at the Key Laboratory
of Continental Dynamics, Northwest University, China. Major
elements were analyzed by XRF (Rikagu RIX 2100) using
fused glass disks. Trace elements were analyzed by ICP-MS
(Elan 6100 DRC) after total acid digestion in Teflon bombs
and dilution. Some trace elements were also analyzed by XRF
using powdered pellets. Concentrations of Sr, Y, Nb, Zr, Cr
and Ni obtained by both methods agree well within 10%.
Analyses of rock standards (AGV-1, GSR-01 and BCR-2)



Table 2
Petrography of studied samples from the Linzizong Volcanic Succession in Linzhou Basin, southern Tibet

Sample Rock name Formation Longitude/latitude Petrographic description

BD-77 Rhyolitic tuff UPF 2 9 ° 5 8 . 5 0 ′ N ,
91°08.46′ E

Fresh; glass shards (N40%), crystal clasts of biotite, plagioclase and K-feldspar (~5% in total), rhyolite
clasts (~15%) and very fine-grained volcanic ash (b40%); average clast size: b2 mm.

B D -
103

Rhyolitic
ignimbrite

UPF 3 0 ° 0 0 . 6 4 ′ N ,
91°08.42′ E

Massive and fresh; glass shards (~55%), crystal clasts of biotite, plagioclase, K-feldspar and quartz
(~10% in total), rhyolite lasts (~35%); clast size: 2–6.5 mm.

B D -
106

Rhyolitic
ignimbrite

UPF 3 0 ° 0 0 . 6 2 ′ N ,
91°08.42′ E

Massive and fresh; glass shards (~65%), crystal clasts of biotite, plagioclase, quartz and K-feldspar
(~10% in total), rhyolite clasts (~25%); average clast size: 2 mm.

BD-114 Rhyolitic tuff UPF 3 0 ° 0 2 . 2 5 ′ N ,
91°08.43′ E

Fresh; glass shards (~80%), crystal clasts of biotite, plagioclase, quartz and K-feldspar (~10% in total),
plastic rhyolitic clasts (~10%); average clast size: 2 mm.

LZ9916 Rhyolitic
tuffaceous lava

UPF 3 0 ° 0 0 . 5 2 ′
N,91°09.02′ E

Massive and fresh; glass shards (~78%), crystal clasts of plagioclase, quartz and K-feldspar (~10% in
total), plastic rhyolitic clasts (~12%); average clast size: 2 mm.

LZ9917 Rhyolitic
tuffaceous lava

UPF 3 0 ° 0 0 . 5 2 ′ N ,
91°09.02′ E,

Massive and fresh; glass shards (~75%), crystal clasts of biotite, plagioclase, quartz and K-feldspar
(~10% in total), plastic rhyolitic clasts (~15%); average clast size: 2 mm.

P-1 Rhyolitic
ignimbrite

UPF 2 9 ° 5 9 . 1 8 ′ N ,
91°09.00′ E

Massive and fresh; spherulitic; glass shards (~70%), crystal clasts of biotite and plagioclase (~10% in
total), rhyolite clasts (~5%) and plastic rhyolitic clasts (~15%); average clast size: b2 mm.

BD-55 Welded
rhyolitic tuff

MNF 2 9 ° 5 8 . 7 3 ′ N ,
91°10.28′ E

Fresh; glass shards (~45%), crystal clasts of plagioclase, biotite, quartz and K-feldspar (~10% in total),
plastic rhyolitic clasts (~25%) and rhyolite clasts (~10%); average size of clasts; ~2 mm.

BD-65 Trachybasalt MNF 2 9 ° 5 9 . 0 5 ′ N ,
91°10.20′ E

Porphyritic and fresh; ~35% phenocrysts and ~65% groundmass; phenocrysts: plagioclase (N20%),
amphibole (N10%), and trace K-feldspar; K-feldspar in groundmass; average grain size: 2 mm for
phenocrysts and 0.2 mm for groundmass.

LZ9910 Trachyandesite MNF 2 9 ° 5 7 . 8 9 ′ N ,
91°07.52′ E

Porphyritic and fresh; ~30% phenocrysts and ~70% groundmass; phenocrysts: plagioclase (~15%),
clinopyroxene (~10%) and magnetite (~5%); groundmass: plagioclase, magnetite and interstitial K-
feldspar; average grain size: 2 mm for phenocrysts and 0.2 mm for groundmass.

LZ9921 Rhyolitic
ignimbrite

MNF 2 9 ° 5 8 . 8 5 ′ N ,
91°11.15′ E

Massive and fresh; glass shards (~70%), crystal clasts of plagioclase, biotite, quartz and K-feldspar
(~10% in total), plastic rhyolitic clasts (~20%); average size: 2 mm for clasts.

L060 Rhyolitic tuff MNF 2 9 ° 5 8 . 6 2 ′ N ,
91°11.60′ E

Fresh; glass shards (~85%), crystal clasts of biotite, plagioclase, K-feldspar and quartz (~10% in total),
rhyolite clasts (~5%); average size: 2 mm for clasts.

LZ994 Brecciaed
rhyolitic tuff

MNF 2 9 ° 5 7 . 8 9 ′ N ,
91°07.52′ E

Fresh; glass shards (~70%), crystal clasts of biotite, plagioclase, K-feldspar and quartz (~10% in total),
rhyolite clasts (~20%); clast size: 2–6 mm.

D-2 Trachyandesite LDF 2 9 ° 5 7 . 1 2 ′ N ,
91°11.88′ E

Porphyritic; ~45% phenocrysts and ~55% groundmass; phenocrysts: plagioclase (~35%), amphibole
(~5%) and K-feldspar (~5%); average grain size ~2 mm for phenocrysts and b0.2 mm for groundmass;
overprinted with ~3 chlorite and ~3% calcite.

D-15 Andesite LDF 2 9 ° 5 7 . 8 5 ′ N ,
91°11.33′ E

Porphyritic and fresh; ~45% phenocrysts and 55% groundmass;. Phenocrysts: plagioclase (~40%),
amphibole (~5%); average grain size ~1.7 mm for phenocrysts and 0.2 mm for groundmass.

BD-27 Andesite LDF 2 9 ° 5 8 . 0 3 ′ N ,
91°05.85′ E

Porphyritic and fresh; ~48% phenocrysts and ~52% groundmass; phenocrysts: plagioclase (~42%) and
amphibole (~6%); average grain size 2 mm for phenocrysts and 0.2 mm for groundmass.

B D -
123

Andesite LDF 2 9 ° 5 5 . 0 1 ′ N ,
91°03.08′ E

Porphyritic and fresh; ~50% phenocrysts and ~50% groundmass; phenocrysts: plagioclase (~45%) and
amphibole (~5%); average grain size: 3 mm for phenocrysts and 0.2 mm for groundmass.

B D -
151

Andesite LDF 2 9 ° 5 8 . 0 5 ′ N ,
91°12.46′ E

Porphyritic and fresh; ~45% phenocrysts and ~55% groundmass; phenocrysts: plagioclase (~40%) and
amphibole (~5%); average grain size 2 mm for phenocrysts and 0.2 mm for groundmass.

B D -
145

Andesite LDF 2 9 ° 5 7 . 1 9 ′ N ,
91°11.92′ E

Porphyritic and fresh; ~35% phenocrysts and ~65% groundmass; phenocrysts: plagioclase (~30%),
amphibole (~5%), and some quartz; groundmass: plagioclase microlites; average grain size: 3 mm for
phenocrysts and for 0.3 mm for groundmass.

B D -
160

Trachyandesite LDF 2 9 ° 5 8 . 3 5 ′ N ,
91°10.56′ E

Porphyritic and fresh; ~45% phenocrysts and ~55% groundmass; phenocrysts: plagioclase (~40%) and
amphibole (~5%); average grain size: 3 mm for phenocrysts and 0.3 mm for groundmass.

L-1108 Basaltic
andesite

LDF No GPS d a t a
(1993 sampling)

Porphyritic and fresh; ~40% phenocrysts and ~60% groundmass; phenocrysts: plagioclase (~30%),
clinopyroxene (5%) and amphibole (~5%); average grain size: 2 mm for phenocrysts and 0.2 mm for
groundmass.

BD-58 Diabase Mafic dike
in MNF

2 9 ° 5 8 . 8 2 ′ N ,
91°10.26′ E

Porphyric; ~60% groundmass of plagioclase, olivine and clinopyroxene (b ~1 mm); ~40% phenocrysts
of amphibole/clinopyroxene (~2–4 mm); overprinted with some chlorite and calcite.

LZ9912 Diabase Mafic dike
in LDF

2 9 ° 5 7 . 8 9 ′ N ,
91°07.52′ E

Porphyritic; ~80% groundmass of plagioclase, olivine and clinopyroxene (b~1 mm); ~20% phenocrysts
of amphiboles/clinopyroxene (2–4 mm); altered and overprinted with chlorite and calcite.
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indicate precision and accuracy better than 5% (2σ) for major
elements and 10% (2σ) for trace elements. The analytical
procedure in detail can be found in Rudnick et al. (2004).

Rb–Sr and Sm–Nd isotopic compositions were measured
on a VG354 mass spectrometer at the Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing.
Whole-rock powders (70–50 mg) were spiked with mixed
isotope tracers, digested/dissolved in mixed acid (HF:
HClO4=3:1) in Teflon bombs for 7 days before chemical
separation using AG50WX8 (H+) exchange columns.
Analyses of NBS987 standard run during the same period
gave 87Sr/86Sr=0.710214±11 (N=10). Analyses of BCR-1
and La Jolla Nd standards gave 143Nd/144Nd=0.512602±10
and 0.511841±9 (N=12), respectively. All measured
143Nd/144Nd and 86Sr/88Sr ratios are fractionation corrected
to 143Nd/144Nd=0.7219 and 86Sr/88Sr=0.1194, respectively.
The analytical procedure in detail is given in Zhang et al.
(2002) and Fan et al. (2003).



Table 3
Major and trace element abundances of representative samples from the Linzizong Volcanic Succession in Linzhou Basin, southern Tibet a

Formation Lower Dianzhong Formation (LDF) Middle Nianbo Formation (MNF) Upper Pana Formation (UPF) Mafic dykes

Sample number D-2 D-15 BD-145 BD-151 BD-160 BD-65 LZ9921 BD-55 L060 LZ994 LZ9917 LZ9916 BD-103 BD77 P-1 BD-58 LZ9912

SiO2 59.16 58.05 61.57 57.46 58.77 49.69 74.69 74.01 77.64 71.56 75.58 79.64 67.93 68.98 74.06 43.33 44.68
TiO2 0.7 0.68 0.62 0.64 0.71 0.92 0.13 0.12 0.12 0.46 0.3 0.31 0.36 0.25 0.17 0.99 0.99
Al2O3 16.02 15.92 15.88 18.04 17.11 17.08 12.03 11.78 11.42 12.4 11.21 9.75 13.56 18.09 13.33 15.62 16.37
TFe2O3 6.21 6.75 5.46 5.28 7.42 9.46 1.58 1.47 1.498 3.53 2.6 2.39 2.99 0.72 1.33 9.96 9.7
FeO 2.1 2.7 2.02 2.8 0.25 1.88 0.5 0.35 0.48 0.28 0.38 0.32 0.55 0.15 0.38 5.25 4.15
MnO 0.15 0.15 0.11 0.11 0.1 0.17 0.03 0.09 0.04 0.12 0.03 0.02 0.1 0.01 0.08 0.18 0.14
MgO 3.66 2.53 1.77 1.91 1.77 3.27 0.45 0.43 0.21 0.53 0.48 0.23 0.84 0.27 0.28 3.85 3.44
CaO 3.67 6.49 5.62 7.92 3.13 8.67 2.28 2.35 1.6 2.34 0.59 0.39 2.78 0.28 1.06 11.39 12.06
Na2O 4.11 2.73 3.03 2.61 5.63 2.86 2.31 2.41 3.46 3.81 1.71 2.3 2.83 4.15 3.33 1.61 2.4
K2O 2.39 1.88 2.35 1.20 2.49 2.6 2.52 3.9 1.72 2.41 5.55 3.68 4.6 5.26 5.43 2.3 1.39
P2O5 0.19 0.17 0.17 0.18 0.22 0.44 0.03 0.03 0.03 0.09 0.14 0.16 0.14 0.06 0.04 0.35 0.47
LOI 3.62 4.22 3.48 4.56 3.07 5.03 3.68 3.09 2.12 3.3 1.77 1.12 3.39 1.68 0.8 10.78 8.42
Total 99.88 99.57 100.06 99.91 100.42 100.19 99.73 99.68 99.86 100.55 99.96 99.99 99.52 99.75 99.91 100.36 100.06
Sc 15.3 15.2 13.3 12.6 11.8 16.3 6.74 6.35 5.37 4.2 2.48 5.66 3.28 2.5 20.4 19.2
Rb 41.4 51.5 63.1 21.8 71.3 53.2 81.4 105 81 59.9 163 88.7 123 123 198 62.1 29.9
Sr 450 386 351 436 566 1021 76.5 132 178 183 164 206 307 335 235 763 967
Y 23.3 23.3 22.1 23.3 22.7 39.3 24.3 29.5 35.5 17.8 17.7 13.7 21.4 28.9 17.8 27 28.5
Zr 136 118 129 156 134 149 95.6 114 112 117 113 101 150 234 142 118 145
Nb 7.04 5.39 7.29 6.14 5.88 10.8 7.56 8.56 11 7.48 8.67 7.88 12 19.4 11.9 7.94 10.1
Cs 0.71 1.53 1.61 2.36 5.55 1.97 3.33 1.85 4.9 13 8.16 4.34 2.61 2.31 4.55 3.23
Ba 965 354 428 390 392 1023 363 581 279 240 813 1304 745 919 691 636 586
La 21.7 19.8 22.3 20 19.9 48.2 33.7 31.9 40.9 28.6 38.3 28.2 40.3 62.9 36.6 34.5 48.8
Ce 44.9 39.7 45.3 41.4 38.7 87.9 64.7 63 88.8 60.5 60.7 44 72.8 105 65.3 69.7 106
Pr 5.47 4.73 5.3 5.17 4.93 11.1 8.12 7.24 10.9 7.31 8.24 6.21 8.04 12.4 6.72 8.44 12
Nd 22 19.1 21 21.8 21 45.9 29.6 27.7 34.7 27.4 29.1 23 28.5 42.5 22.9 36.2 51.3
Sm 4.58 4.25 4.44 4.78 4.61 9.29 5.67 5.71 7.58 5.11 5.32 4.27 5.51 6.74 4.1 7.88 9.73
Eu 1.23 1.1 1.12 1.24 1.22 2.33 0.58 0.72 1.09 0.97 1.1 0.96 1.21 1.48 0.75 1.99 2.58
Gd 4.57 4.3 4.58 4.82 4.65 9.02 4.58 5.96 6.95 4.15 4.02 3.24 5.61 6.92 4.22 7.77 8.38
Tb 0.66 0.66 0.68 0.71 0.7 1.11 0.68 0.9 1.12 0.62 0.57 0.46 0.73 0.88 0.55 1.03 1.28
Dy 3.91 3.94 3.94 4.17 4.02 5.69 4.31 5.23 5.88 3.97 3.47 2.51 4 4.82 3.11 5.39 6.26
Ho 0.8 0.82 0.8 0.85 0.82 1.01 0.89 1.08 1.27 0.79 0.6 0.49 0.76 0.95 0.63 1 1.04
Er 2.15 2.17 2.15 2.24 2.11 2.54 2.43 2.89 3.24 2.17 1.71 1.29 2.08 2.63 1.78 2.5 2.77
Tm 0.32 0.33 0.32 0.33 0.31 0.36 0.34 0.43 0.52 0.31 0.23 0.2 0.31 0.4 0.28 0.34 0.33
Yb 2.39 2.39 2.34 2.41 2.31 2.49 2.33 3.23 3.08 2.23 1.62 1.28 2.25 2.92 2.17 2.41 2.31
Lu 0.36 0.35 0.35 0.36 0.34 0.36 0.34 0.48 0.49 0.33 0.24 0.19 0.35 0.46 0.34 0.35 0.31
Hf 3.5 3.14 3.54 4.17 3.57 3.69 3.66 3.99 3.22 4.19 3.08 2.55 3.93 5.77 4.01 2.94 3.48
Ta 0.47 0.4 0.56 0.44 0.42 0.46 0.9 0.71 0.71 0.75 0.74 0.54 0.89 1.05 1.08 0.32 0.57
Th 9.17 9.32 11.1 9.1 7.65 13.9 16.5 19.1 13 14 21 13.2 27.7 24 35.3 9.1 9.86
U 1.88 1.85 2.32 1.99 1.42 2.08 3.66 3.24 2.85 2.7 4.23 5.48 6.23 6.13 6.76 1.48 2.44
a See text for analytical details.
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Fig. 3. Multi-element plots of the LVS rocks normalized against average
composition of model ocean crust (Niu and O'Hara, 2003). Plotted are averages
of the rhyolitic upper Pana (UPF, N=16), dacitic middle Nianbo (MNF, N=10)
and andesitic lower Dianzhong (LDZ, N=15) formations plus mafic dykes
(N=6). Bulk continental crust composition (CC, Rudnick and Gao, 2003) is
plotted for comparison. Data used for averages are from Table 2, Mo et al.
(2007) plus our unpublished data. The grey vertical lines emphasize relative
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5. Data

5.1. Major and trace elements

Major and trace element data (Table 3) on selected samples
(Table 2) (Dong, 2002; Mo et al., 2003) confirmed the previous
notion (Pearce and Mei, 1988; Jin and Xu, 1982) that the LVS
rocks are mostly calc-alkaline although some are more alkalic,
and can be further classified into several rock types on the TAS
diagram (Fig. 2a). The Lower Dianzhong Formation (LDF)
comprises ~50% lava flows and ~50% compositionally
equivalent pyroclastic deposits (Table 1). The lavas are mostly
andesite and trachy-andesite with minor basaltic andesite, and
rhyodacite. Hornblende and plagioclase are common pheno-
crysts with minor clinopyroxene and some biotite in rhyodacite.
Chemically, the samples plot mostly in calc-alkaline field in
K2O–SiO2 space (Fig. 2b).

The Middle Nianbo Formation (MNF) comprises rhyolitic-
dacitic tuffs, breccias and ignimbrites with layers of basaltic
trachy-andesite and trachy-andesite with shoshonite present
depletion (downward arrows) of high field elements plus Sr and relative
enrichment (upward arrows) of large ion lithophile elements of these rocks and
progressively more so from LDF to MNF and to UPF.

Fig. 2. Major element compositions of the lower Dianzhong (LDF), middle
Nianbo (MNF), and upper Pana (UPF) formations plus mafic dykes of the
Linzizong Volcanic Succession (LVS) from the Linzhou Basin in [a] K2O+
Na2O vs. SiO2 (after Le Bas et al., 1986) and [b] K2O vs. SiO2 (Rickwood,
1989) spaces. Open symbols are published data (Mo et al., 2007), and the solid
symbols are new data of this study (Table 2). Symbols in [a] are: Pc, picrobasalt;
B, basalt; O1, basaltic andesite; O2, andesite; O3, dacite; R, rhyolite; S1, trachy-
basalt; S2, basaltic trachy andesite; S3, trachy-andesite; T, trachyte; U1, tephrite/
basanite; U2, phono-tephrite; U3, tephri-phonolite; Ph, phonolite; F, foidite.
Abbreviations in [b] are: SH, shoshonitic; HK-CA, high potassic calc-alkaline;
CA, calc-alkaline; TH, tholeiitic.
upper in the sequence (Table 1). Plagioclase and hornblende are
common phenocrysts, and biotite become abundant at the top.
Chemically, the MNF is diverse, and clearly bimodal in terms of
SiO2 contents. About 30% of the samples plot in the high-K
field in K2O–SiO2 space (Fig. 2b).

The upper Pana Formation (UPF) is dominated by
ignimbrites with abundant high-K breccias and rhyolite blocks
(Table 1). Lava flows are less abundant. Chemically, the
samples are rich in SiO2, K2O and Al2O3 (Fig. 2). About 80% of
the samples plot in the high-K calc alkaline fields in K2O–SiO2

space (Fig. 2b). All these have been previously interpreted as
reflecting large scale melting of thickened continental crust (Mo
et al., 2002, 2003), perhaps genetically associated with the
earlier LDF. There are also relatively late alkali-rich diabasic
dykes (Fig. 2) intruded the upper section of the LDF, and acidic
dykes intruded the upper section of the UPF (not shown).

Overall, the LVS rocks, in particular the more primitive
andesitic LDF, broadly resemble average composition of the
continental crust (Rudnick, 1995; Rudnick and Gao, 2003) (Fig.
3). They are enriched in the progressively more incompatible
elements with characteristic “arc-like signature”, i.e., depletion
of Nb, Ta and Ti and enrichment of Pb, K and other large ion
lithophile elements except for Sr that is not enriched, but
slightly depleted (Fig. 3). Their heavy rare earth element
abundances and patterns resemble those of oceanic and
continental crusts without the so-called “garnet signature”.
However, the average compositions of the three formations
(also the alkali diabasic dykes) differ in detail as elucidated in
Fig. 4, where formation averages are used to emphasize first-
order systematics.

Fig. 4 shows that over the ~20 Myr period (~65 to ~44 Ma),
the LVS volcanism in the Linzhou basin exhibits, to a first order,
a progressive change: andesitic→dacitic→ rhyolitic in terms of



Table 4
Sr–Nd isotopic compositions of the representative samples from the Linzizong Volcanic Succession in Linzhou Basin, southern Tibet a

Sample number Formation Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 87Sr/86Sr(I) b Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd εNd(t)
c

D-2 Dianzhong 42.06 477.4 0.255 0.705973 0.70577 4.274 20.97 0.1232 0.51259 −0.44
BD-27 Dianzhong 31.88 471.3 0.1958 0.706243 0.70609 3.962 18.26 0.1312 0.51248 −2.64
BD-123 Dianzhong 33.41 386.8 0.25 0.706451 0.70626 4.024 19.59 0.1243 0.51265 0.78
L1108 Dianzhong 20.56 646.23 0.0918 0.704668 0.70460 3.304 14.98 0.1333 0.51309 9.20
BD-55 Nianbo 113.8 124.3 2.649 0.709704 0.70763 5.498 28.69 0.1159 0.51264 0.61
LZ9921 Nianbo 87.17 80.3 3.142 0.709467 0.70701 5.318 27.29 0.1179 0.51260 −0.23
LZ9910 Nianbo 7.46 273.1 0.07905 0.707418 0.70736 8.1 38.43 0.1275 0.51273 2.32
BD-114 Pana 180 100.5 5.242 0.709848 0.70575 9.621 53.66 0.1084 0.51251 −1.88
BD-106 Pana 153.3 171.8 2.583 0.706705 0.70469 4.993 28.05 0.1076 0.51256 −0.95
P-1 Pana 222.1 247.1 2.601 0.70677 0.70474 4.096 24.19 0.1024 0.51245 −3.01
a See text for analytical details.
b (87Sr/86Sr)I= (87Sr/86Sr)ROCK− (87Rb/86Sr)ROCK⁎ (eλt−1), where λ=1.42⁎10− 11.
c ɛNd(t) = [(

143Nd/144Nd)ROCK(t) / (
143Nd/144Nd)CHUR(t)−1]⁎10,000, where (143Nd/144Nd)CHUR(t) = (

143Nd/144Nd) CHUR(present)−(147Sm/144Nd)CHUR(present)⁎ (e
λt−1),

(143Nd/144Nd)CHUR(present) = 0.512638, (147Sm/144Nd)CHUR(present) = 0.1967, λSm= 6.54 ⁎ 10− 12, and (143Nd/144Nd)ROCK( t) = (
143Nd/144Nd)ROCK(present)

− (147Sm/144Nd)ROCK(present)⁎ (e
λt−1).
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SiO2 with associated changes in other elements that are
consistent with progressively more evolved nature such as (1)
weakened mafic character (first row panels), (2) elevated
incompatible element abundances, particularly the sharp
increase in alkalis (e.g, K and Rb) in the UPF (second row
panels), and (3) advanced degree of crystallization/removal of
liquidus phases such as titanomagnetite (Nb, Ta and Ti
depletion), apatite (P depletion) and plagioclase (Sr and Eu
Fig. 4. Formation averages of representative elements and ratios plotted against SiO2

and upper Pana (UPF) formations plus mafic dykes. Error bars are ±1σ from the
composition (Niu and O'Hara, 2003), where Ti/Ti⁎|OC=(Ti/[Sm+Gd])OC, Sr/Sr⁎|OC=
Fig. 3.
depletion) (third row panels) as otherwise expected during
mantle melting (Sun and McDonough, 1989; Niu and Batiza,
1997).

5.2. Sr and Nd isotopes

New Sr and Nd isotope data of the LVS rocks are given in
Table 4, and plotted together with existing data (Mo et al., 2007)
stratigraphically upwards from lower Dianzhong (LDF), middle Nianbo (MNF)
means. The subscript OC refers to normalization against model ocean crust
(Sr/[Pr+Nd])OC, and P/P⁎|OC=(P/[Nd+Sm])OC. Data sources are the same as in



Fig. 5. In 87Sr/86Sr vs. εNd(t) space, representative samples from the three
formations and mafic dykes (see Table 1 and Figs. 2–4) of the LVS show no
systematic, but overlapping variations.. Open symbols are published data (Mo et
al., 2007), and solid symbols are new data of this study (Table 3). Note the field
of the SGB (after Hou et al., 2004; Mo et al., 2005; and our unpublished data)
that encompasses/overlaps Sr–Nd isotopic compositions of the LVS. Yarlung
MORB (interpreted to represent the Tethyan ocean crust; Mahoney et al., 1998),
Amdo orthogenesis (interpreted to represent the upper crust; Harris et al., 1986),
and a theoretical lower crustal composition (Ben Othman et al., 1984) are
indicated for reference.
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in Fig. 5, showing εNd(t) =−4.0 to +9.2 and (87Sr/86Sr)-
i=0.704690–0.708316, respectively. The field defined by the
coeval SGB intrusives is highlighted to show the similar Nd–Sr
isotopic variation range. Despite the varying Nd–Sr isotopic
ratios, samples with εNd(t)N0 require significant mantle
contribution to the LVS (also the SGB) petrogenesis. Note
that the three formations show no systematic, but overlapping,
variations in Nd–Sr isotope space despite the more evolved
(increasing SiO2) bulk-rock major and trace element systema-
tics stratigraphically upwards (Fig. 4), suggesting the possibility
that the more evolved MNF and UPF may have in fact derived
from melting of the earlier andesitic LDF — the most primitive
LVS end-member (or intrusive equivalent).

Contributions from mature continental crust are apparent as a
number of samples have εNd(t)b0, and the overall data define a
“cluster”, trending towards crustal compositions represented by
the Amdo orthogenesis (Harris et al., 1986; Dewey et al., 1988)
and a hypothetical lower crust granulite (Othman et al., 1984).
As mature continental crust must have significantly higher Sr
and Nd abundances than mantle and mantle derived melts (e.g.,
the ocean crust), continental crust contribution is likely much
less than mantle contributions (see below). Importantly, one of
the UPF SiO2-rich samples has a very high εNd(t) value (N+4;
Fig. 5) whereas some less felsic LDF and MNF samples have
lower εNd(t) values (b0; Fig. 5). This suggests that the crustal
contribution to the LVS petrogenesis may not be simple crustal
level assimilation, but probably occurs in the melting region.
Melting of recycled terrigeneous sediments or subduction-
eroded crustal materials is likely.
6. Discussion

6.1. Petrogenesis of the Linzizong Volcanic Succession (LVS)

To emphasize the first order observations and for conve-
nience, we focus here on the origin of “primary magmas”
parental to the intermediate/felsic rocks of the LVS (i.e., the
andesitic LDF, dacitic MNF and rhyolitic UPF lava flows and
pyroclastic rocks). Detailed studies of the coeval SGB intrusives
(see Mo et al., 2005) are in progress, but we stress that the
“primary magmas” that we wish to discuss here also apply to
these intrusives (i.e., diorite, granodiorite, granite etc.). We
advocate that the inferred “primary magmas” are andesitic (vs.
basaltic) in composition.

6.1.1. Geochronological constraints
It is now accepted that the India–Asia collision began at

~≥65 Ma, and ended at ~40 Ma (e.g., Yin and Harrison, 2000;
Flower et al., 2001; Mo et al., 2002, 2003, 2006, 2007) with
convergence continuing to present. It follows that the syncolis-
sional LVS volcanic rocks (65–44 Ma) and SGB intrusives (60–
40 Ma; Mo et al., 2005) must be a magmatic response to the
India–Asia collision (Mo et al., 2002, 2005, 2007). This rules out
the LVS being genetically associated with either intra-oceanic
island arcs or continental arcs in space and time in terms of
standard models for subduction-related magmatism, but points to
a genetic link between the magmatism and continental collision.

6.1.2. Volumetric and phase equilibrium constraints
The felsic LVS rocks and SGB intrusives are volumetrically

significant, and widespread along much of the Gangdese Belt
(Fig. 1). This association differs from island arc assemblages
dominated by basaltic rocks derived from mantle wedge
peridotite melting. Wet peridotite melting can produce andesitic
melts (O'Hara, 1965; Kushiro et al., 1968; Hirose, 1997), but
such andesitic melt must be rich in MgO (i.e., HMA) to be in
equilibrium with mantle peridotite (Kelemen, 1995; Tatsumi,
2006). However, the andesitic LDF, the most primitive basal
LVS formation, has MgO=2.01±0.85 wt.%, which is too low
compared to HMA (~5–10 wt.%) (Kelemen, 1995; Tatsumi,
2006) with FeO/MgO=2.78±0.94, which is too high to be
derivatives from HMA (b2) (see Tatsumi, 2006). Very low
degree water-saturated melt could have low MgO, but the
amount of such melt is volumetrically insignificant, and would
solidify upon ascent and not reach the surface (Tatsumi, 2006),
let alone to explain the voluminous andesitic LDF of the LVS.
Therefore, partial melting of basaltic rocks or crystallization
from voluminous basaltic magmas over an extended period of
time is required to produce the volumetrically significant LVS
and SGB in time and space.

Basaltic magma crystallization–differentiation (Bowen,
1928) can produce a variety of more evolved silicic magmas,
but is incapable of producing large amounts. Hence, to produce
voluminous andesitic melts (e.g., the LDF), partial melting
of materials with basaltic composition is required, and to
produce large amounts of the more felsic melts (e.g., the MNF
and UPF), partial melting of materials with intermediate/felsic
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compositions (e.g., andesitic, dacitic and compositionally
equivalent sediments) is needed. The key question is what is
available to melt and how to produce the andesitic magmas
parental to the LVS (also the SGB intrusives) in response to the
India–Asia continental collision.

6.1.3. Isotopic constraints on the basaltic source rocks
A common view is that the collision-induced crustal

thickening leads to anatexis of deep crustal materials as they
become deeply buried and heated, but the underlying subducting/
underthrusting lithospheric slab during collision is a heat sink,
thus making heat unavailable to warm up the deep continental
crust for some extended time period. Radioactive heat accumula-
tion is an even slower process for syncollisional magma genesis.
Slab dehydration induced anatexis of existing crustal materials
(Le Fort, 1988) is plausible. It is also plausible that convective
lithosphere removal and asthenospheric upwelling (England and
Houseman, 1989; England, 1993) may provide the heat for
crustal melting and granitoid magma generation (Kapp et al.,
2007). However, the three LVS formations (i.e., the LDF, MNF
and UPF) have overlapping isotopic compositions with ɛNd(t)=
−4.0 to +9.2 (−6 to +8 for the SGB intrusives) (Fig. 5) (also see
Dong, 2002; Mo et al., 2003; X. Mo's unpublished data),
indicating significant asthenospheric mantle contributions.
Hence, the LVS and SGB magmatism did not originate from
melting of thickened deep continental crust.

In the broad context of the India–Asia collision, possible
basaltic source candidates in abundance are (1) recently
accreted island arc complex and (2) the remaining part of the
Tethyan ocean crust, i.e., the leading edge of the Indian plate.
Partial melting of such basaltic rocks would produce the more
felsic magmas parental to the LVS and SGB. Because such
basaltic candidates were recently derived from the mantle for
the Tethyan ocean crust or largely from the mantle for a
presumed island arc assemblage, the mantle isotopic signatures
of the LVS and SGB felsic rocks must be inherited from their
basaltic source rocks. It is noteworthy that while the southern
Gangdese is considered an Andean-type active continental
margin, there is no evidence for the presence of an island arc
system in the neo-Tethyan ocean before the India–Asia
collision along the entire Gangdese Belt (Yin and Harrison,
2000). Furthermore, island arcs with positive topography
should remain at high level during collision as ophiolite
assemblages (Niu et al., 2003), but the well-studied ophiolite
occurrences along the Yarlung–Zangbo suture are 120–180 Ma
typical MORB crust associations (Zhang et al., 2005). In any
case, melting of mafic/ultramafic deep arc crust cumulate, if
there were any, could produce andesitic melt, but such melt
would be too depleted to account for the observed geochemistry
of the LDF (see below). Re-melting of the existing Andean-type
arc crust would be possible, but it requires such crust to be
dominated by basaltic rocks with minimal involvement of
mature continental crustal materials in its histories in order to
maintain the prominent asthenospheric mantle signatures (Fig.
5).

Hence, volumetrically significant and physically plausible
basaltic source material available for generating andesitic
magmas parental to the LVS (also SGB) would be oceanic
crustal materials atop the subducting/underthrusting Tethys
oceanic lithosphere. Partial melting of such basaltic crust can
produce “primary” melts of andesitic compositions with
inherited asthenospheric isotopic signatures. This is a strong
constraint. The LDF may be derived from such “primary” melts
of ocean crust melting. Melting of the more felsic materials
including terrigenous sediments along with the subducting/
underthrusting ocean crust can produce the more felsic melts.
The MNF and UPF, in particular the latter, most likely result
from re-melting of rocks equivalent to the older LDF because of
their similar mantle (vs. crustal) isotopic signatures with similar
degrees of crustal contribution.

6.1.4. Mechanism and condition of the Tethyan ocean crust
melting

After a long debate, it has been the general view that the
subducting oceanic crust is too cold to melt in subduction zones
(e.g, Peacock, 2003). Melting of young (b25 Ma) and warm
slabs has been a popular concept to explain rocks with adakite
geochemical signatures (Defant and Drummond, 1990), but
adakites and adakitic rocks can be produced through different
means and in different environments without slab melting (Hou
et al., 2004; Castillo, 2006; Guo et al., 2007; Mo et al., 2007).
Nevertheless, there has been a recently renewed advocacy that
melting of the subducting slab together with sediments is in fact
required to explain the geochemistry in some arc lavas (e.g.,
Johnson and Plank, 1999; Kelemen et al., 2003c; Elliott, 2003;
Mez-Tuena et al., 2007).

The foregoing discussion and reasoning suggest that melting
of the Tethyan ocean crust is indeed required to account for the
syncollisional LVS and SGB. The subducting/underthrusting
Tethyan seafloor during the India–Asia collision must differ in
physical conditions from slabs in active subduction zones. The
ocean crust is known to have been highly hydrated before
entering subduction zones because of near-ridge hydrothermal
alteration and because of subsequent seafloor weathering.
Melting of such hydrated basaltic crust occurs when it reaches
the wet solidus of basaltic rocks (Fig. 6). Fig. 6 is a simplified
phase diagram showing hydrous (H2O-saturated) solidi of
basalts and the more felsic lithologies (tonalite and granite,
including terrigeneous sediments of similar compositions),
three major metamorphic facies fields (eclogite, amphibolite
and granulite facies), and two geothermal gradients approx-
imating two extreme subduction zone scenarios: the cold
subducting slab with a thermal gradient of ~5 °C/km, and a
warm slab with a gradient of ~13 °C/km inferred from models
of Peacock and Wang (1999). These model geotherms have
been taken as indicating subduction zones being too cold to melt
except when slabs are young (b25 Myrs old), warm and
subducting slowly (Defant and Drummond, 1990), in which
case the subducting ocean crust would evolve along a warm
geotherm (e.g., the ~13 °C/km) and may melt in the eclogite
stability field to produce adakites with the “garnet signature”.
The “garnet signature” offers a strong geochemical line of
evidence for slab melting. Kelemen et al. (2003c) reviewed
petrologic and seismic data indicating that P–T conditions



Fig. 6. Semi-quantitative phase diagram showing hydrous (H2O-saturated) solidi of basalts and the more felsic lithologies (granite and tonalite) modified from Niu
(2005) using the experimental data of Stern et al. (1975), Wyllie (1979), andWyllie andWolfe (1993). The three major metamorphic facies fields (eclogite, amphibolite
and granulite) are drawn after Peacock (2003). The two geothermal gradients approximating two extreme subduction zone scenarios are inferred from models of
Peacock and Wang (1999). The star and the solid line with arrow illustrates the concept of the subducted/underplating Tethyan ocean crust evolution along a high T/P
path as a result of retarded subducting and enhanced heating upon and during India–Asia collision. It is expected that the highly hydrated (altered/weathered?) ocean
crust begins to melt when intersecting the hydrous basaltic solidus under amphibolite facies conditions. Sediments of the more felsic compositions (i.e., granitic or
tonalitic) will melt under similar conditions. H2O-undersaturated solidus (i.e., amphibole-dehydration melting curves; Wyllie and Wolfe, 1993) is not shown for
simplicity. The grey oval indicates P–T conditions, where melting can take place, beneath active arcs constrained by petrologic and seismic observations summarized
by Kelemen et al. (2003c).
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beneath many active arcs are in fact much hotter (e.g., the grey
oval area with dT/dP=~20 to 50 °C/km in Fig. 6) than indicated
by most model geotherms. They also argued that more realistic
mantle wedge flow models considering temperature-dependent
viscosity can well explain the thermal conditions constrained by
petrologic and seismic observations. If slabs melt at these
shallow levels of amphibolite (also “granulite”) facies, the melt
would have no “garnet signature” and thus offer no convincing
geochemical evidence for slab melting, but melting can indeed
take place in terms of straightforward phase relationships in Fig.
6.

We hypothesize here that the evolution path of the last part of
the Tethyan ocean crust (star and the thick curve with arrow in
Fig. 6) differs from a normal subducting slab. Upon India–Asia
collision, the convergence continued, but the rate of Tethyan
crust underthrusting must be retarded. The latter facilitates
thermal equilibrium of the crust with the overlying mantle/crust,
making the underthrusting crust evolve along a higher T/P
geotherm, e.g, NN13 °C/km (Fig. 6). This hydrated under-
thrusting crust will inevitably melt when intersecting the
hydrous basaltic solidus in the amphibolite facies (Fig. 6). We
term this melting mechanism compression (vs. decompression)
and equilibrium heating induced melting of H2O-saturated
basaltic rocks (Niu, 2005). Sediments of the more felsic
compositions (e.g, granitic or tonalitic; Fig. 6) going along with
the underthrusting Tethyan crust would melt under similar
conditions (Nichols et al., 1994).

Note that melting of the hydrated Tethyan crust is physically
straightforward. A geotherm of ~17 °C/km would mean
~680 °C at depth of ~40 km, which is already in excess of
wet solidus of basaltic rocks (b650 °C, Fig. 6) to induce the
underthrusting Tethyan crust to melt. In practice, it should take a
few million years for the “cold” ocean crust to reach that wet
solidus. Assuming a convergence rate of ~50 mm/yr and slab
dipping of ~30° upon collision, it would take ~1.6 Myrs for the
Tethyan ocean crust to reach the depth of ~40 km. Because the
Tethyan crust underthrust beneath/against the warm crust/
lithosphere of the prior hot continental arc, the geotherm must
be N20 °C/km well within the melting conditions (Kelemen et
al., 2003c). It is possible and likely that the Tethyan crust can
reach temperature in excess of 800 °C with continued under-
thrusting to produce significant amounts of melt. This concept is
illustrated schematically in Fig. 7. Note that we stress ~40 km,
not deeper, because LVS rocks lack “garnet signature” (see Fig.
3 and also below).

6.1.5. Chemical properties of “slab melts” formed in the
amphibolite facies

Melts produced from such unusually “warm slabs” in the
amphibolite facies (1) would be andesitic or more silicic,
depending on the extent of melting and amount of sediments
melted; (2) would have mantle (vs. crustal) dominated isotopic
signatures inherited from the ocean crust (MORB-like); (3) may
show no garnet signature (vs. adakitic) because garnet is not a
stable phase under b1.0 GPa subsolidus conditions of the
basaltic source assemblage (Wyllie and Wolfe, 1993; Wolf and
Wyllie, 1994; Vielzeuf and Schmidt, 2001), nor a peritectic
phase during melting (Wyllie and Wolfe, 1993); (4) would have



Fig. 7. Top: cartoon, showing the Tethyan Ocean with passive continental margin in Indian plate and Andean-type margin at the edge of the Lhasa block (Gangdese
Belt) prior to the collision based on data from Yin and Harrison (2001). Bottom: Cartoon illustrating the concept of Tethyan ocean crust melting to produce
syncollisional andesitic melts parental to the LVS and SGB (also see Fig. 6).
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“arc-like signature”, i.e., relative depletion in Nb, Ta and Ti
because these high-field strength elements (HFSE) are compa-
tible in ilmenite (or pseudobrookite), which is a common phase
in amphibolite (Niu and Lesher, 1991) and its refractory
property make it a residual phase holding these elements; (5)
would have sub-chondritic Nb/Ta ratio because of amphibole-
controlled fractionation (KdNb

amp/LNKdTa
amp/L) (Tiepolo et al.,

2000; Foley et al., 2000, 2002; also see below); and (6) would
not have excess Sr (vs. adakitic and arc magmas) (Fig. 3)
because of calcic plagioclase as a residual phase preferentially
holds Sr and Eu relative to Nd, Sm, Gd and other otherwise
similarly incompatible elements.

Indeed, the LVS volcanic rocks have all these properties
(Figs. 3–5). The scatter in the Nd–Sr isotope space (Fig. 5) is
likely caused by “mixing” of mature crustal materials (e.g.,
recycled sediments, subduction-eroded materials, crustal assim-
ilation) with the Tethyan ocean crust (altered MORB) with
inherited isotopically depleted MORB mantle signature in the
recent past. Using the Amdo gneiss composition as the crustal
end member and Yalung MORB as the mantle component (Fig.
5), the LVS volcanic rocks would have 70–90% mantle
contribution in terms of Nd crustal index (NCI) of Depaolo et
al. (1985): NCI= [εNd (rock)−εNd (M)] / [εNd (C)−εNd (M)]=0.1–
0.3 (Mo et al., 2007). Contribution of mature crustal materials is
also apparent from trace elements such as the Rb, K and Pb
spikes in Fig. 3. The negative Nb, Ta and Ti anomalies are
conspicuous, the negative Sr anomaly is weak, but discernable,
and the lack of garnet signature (i.e., flat Dy–Yb pattern) is
obvious. In contrast to the chondritic Nb/Ta ~17.57 (e.g., Sun
and McDonough, 1989), the LVS andesites have a mean sub-
chondritic Nb/Ta ratio of ~13.

It is important to note that similar to average continental crust
(Rudnick and Gao, 2003), the andesitic LDF of the LVS shows
slight Sr depletion or negative Sr anomaly (relative to Pr and
Nd; see Figs. 3 and 4), which contrasts arc magmas (Elliott,
2003; Niu and O'Hara, 2003) with slight Sr enrichment or
positive Sr anomaly (relative to Pr and Nd). As altered ocean
crust is enriched in Sr (Staudigel, 2003), Sr as a soluble element
of the dehydrating slab contributes to arc magmas. In
amphibolite, Sr is stabilized in plagioclase, and progressive
melting facilitates Sr (also Eu) retention in the more calcic
plagioclase while Pr, Nd and other otherwise similarly
incompatible elements enter the melt. This supports our
interpretation that bulk composition of continental crust may
be genetically associated with syncollisional melting of
“trapped” oceanic crust in the amphibolite facies (vs. slab-
dehydration induced mantle wedge melting for arc magmatism).

The concept of “amphibolite-facies” slab (plus terrigeneous
sediments) melting explains all the features of the LVS
lithologies well. It is particularly straightforward to explain all
the LDF and the SiO2-poor samples of the MNF. Conceptually,
the more evolved MNF and UPF could be produced by
“differentiation-crystallization” from the LDF, but this is
unlikely both volumetrically and chronologically (Table 1).
Given the similar Sr–Nd isotopic variability in the three
formations with progressively stronger mantle signature in the
less “contaminated” samples (Fig. 5), we suggest that it is more
plausible that both MNF and UPF may in fact have derived from



Fig. 8. Average composition of the most primitive LVS, i.e., the andesitic lower
Dianzhong formation (LDF; N=22 for major elements and 15 for trace
elements), shows remarkable similarity to the model continental crust
composition (CC) of Rudnick and Gao (2003) on one-to-one plot in terms of
[a] abundances of all the analyzed major and trace elements with the exception
of P and compatible elements (or oxides) such as MgO, Ni and Cr (open circles),
and [b] characteristic elemental ratios, including Eu/Eu⁎ (Eu/[Sm+Gd])N, Sr/
Sr⁎ (Sr/[Pr+Nd])N, [La/Sm]N) and [Sm/Yb]N where subscript N refers to
normalization against primitive mantle values (Sun and McDonough, 1989).
The log scale is used to show all the data with varying abundances (N5 orders of
magnitude in [a]) and ratios (about 3 orders magnitude in [b]) such that degrees
of deviations from the one-to-one line are of equal significance both visually and
quantitatively. SiO2, Al2O2, FeOt, MgO, CaO and Na2O are in wt.%, and all
other elements in ppm. Data are from Table 2, Mo et al. (2007) plus our
unpublished data.
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melting of the earlier lithologies, i.e., the LDF (and intrusive
equivalent).

The volumetrically small but more mafic (MgO ~4 wt.%)
diabasic dykes are not simply solidified primitive melt, but
represent snapshot (frozen) of trachy-basaltic/andesitic melts
with cumulate amphibole phenocryst (Yue and Ding, 2006).
They share a common origin with the bulk LVS rocks in having
similar Nd–Sr isotopes (Fig. 5) and similar trace element
systematics (Fig. 3). The more mafic composition (Figs. 2 and
4) with the super chondritic Nb/Ta~21 and [Dy/Yb]NN1 (Fig.
3) is consistent with amphibole accumulation.
6.1.6. More on the collision-associated andesitic magma
genesis

If our interpretation above is correct, then the ~65–45 Ma
LVS (and the coeval SGB) may reflect the active role or life
span (~20 Myrs) of the last subducted bit of the Tethyan ocean
crust during the collision. This inference is supported by the fact
that there was a ~15 Myr (~40 to 25 Ma) magmaticaly
quiescent period, though tectonically still active with significant
compression and crustal thickening, before the post-collisional
adakitic and ultra-potassic magmatism from ~25 Ma to 10 Ma,
which are of entirely different origins (Mo et al., 2007; Guo et
al., 2007). The lack of garnet signature in the LVS place the
constraint that the depth of our perceived “amphibolite facies
slab-melting” is shallow, b~40 km, where garnet is not a stable
phase in the subsolidus conditions, nor a peritectic phase during
melting (Wyllie and Wolfe, 1993; Vielzeuf and Schmidt, 2001).
Ilmenite (or pseudobrookite), which is one of the primary hosts
of Ti, Nb and Ta, is a common mineral in amphibolite (Niu and
Lesher, 1991). It is likely to be a residual phase during melting
because of its refractory nature, which readily explains the
observed Nb–Ta–Ti depletion in the melts (Fig. 3). This,
together with the involvement of recycled sediments as
evidenced by the Nd–Sr isotopic data (Fig. 5), accounts for
the “arc-like signature” (except Sr for reasons discussed above)
(Fig. 3) without actually requiring active subduction zones.

6.2. Net contribution of syncollisional andesitic magmatism to
continental crust mass

The LVS, in particular the andesitic LDF (Fig. 4), shows
remarkable similarity in both abundances and systematics of
incompatible elements to model bulk continental crust estab-
lished using a comprehensive global approach (Rudnick and
Gao, 2003) (Fig. 3). Fig. 8a compares all the analyzed elements
(major, minor and trace elements) on one-to-one plot between
average (N=22 for major and 15 for trace elements; including
unpublished data) andesitic LDF and continental crust (Rudnick
and Gao, 2003). The similarity between the two is striking with
the exception of higher P and lower MgO, Ni and Cr in the
andesitic LDF. What is more striking is the similarity between
the two in terms of some key incompatible trace element ratios
(Fig. 8b). The similar rare earth element (REE) abundances
(Fig. 8a) and La/Sm, Sm/Nd and Sm/Yb ratios (Fig. 8b) point to
the essentially identical REE patterns of the two without the so-
called “garnet signature” (i.e., no heavy REE depletion; Fig. 3).
Also note that both have similar negative Sr and Eu anomalies,
which is consistent with amphibolite melting with plagioclase
as a residual phase that stabilizes Sr and Eu relative to Pr, Nd,
Sm, Gd and other otherwise similarly incompatible elements.

The model bulk continental crust composition by Rudnick
and Gao (2003) is the most up-to-date painstaking effort built on
works of generations (e.g., Taylor, 1967, 1977; Taylor and
McLennan, 1985, 1995; Wedepohl, 1995; Rudnick and
Fountain, 1995; Rudnick, 1995; Gao et al., 1998) using
combined methods of petrology, geochemistry and geophysics
on representative samples characterizing upper, middle and
lower crust worldwide as well as sophisticated statistics and



Fig. 9. Simple batch melting calculations to show the effectiveness of our
suggested model of ocean crust melting at amphibolite facies conditions for the
andesitic LDF of the LVS and model continental crust composition (CC;
Rudnick and Gao, 2003) for key elements (Th, Nb, U, Ta, La and Nb/Ta). Both
LDF andesite and CC are normalized against average MORB with 75% N-
MORB and 25% E-MORB (Niu and O'Hara, 2003). Simplified mineral modes
of the amphibolite of MORB protolith are taken from Niu and Lesher (1991):
66.4 wt.% “hornblende” (including minor chlorite, biotite and epidote), 4.4 wt.%
ilmenite and 29.2 wt.% “plagioclase” (also including quarts and minor calcite).
Partition coefficients between these major phases and basaltic andesite/
andesite are: KdNb

ilm/L=3.45 and KdTa
ilm/L=4.65 (Green and Pearson,

1987); KdTh
ilm/L=KdU

ilm/L=KdLa
ilm/L=0 (assumed); KdNb

amp/L=0.46 and KdTa
amp/L

=0.35(Tiepolo et al., 2000); KdTh
amp/L=0.0015 and KdU

amp/L=0.008 (Brenan et al.,
1995);KdLa

amp/L=0.18, KdNb
“plag”/L=KdTa

“plag”/L=KdU
“plag”/L=0.005, and KdLa

“plag”/L

=0.04 are from various sources summarized in Niu et al. (1996). [a] 5%, 10%,
20%and30%batchmeltingof the chosen “MORB” source reproduces theCCand
LDF quite well, especially for 5% and 10% melting given the simplicity of the
calculationsandmanyunknowns.Notethemoresub-chondriticNb/Ta=13.53(vs.
16.1 of the source) because KdNb

amp/L/KdTa
amp/L= 0.46/0.35N1 and because of high

modal amphibole (66.4 wt.%) in the source rock. [b] Results after an arbitrary
change ofKdNb

ilm/L=KdTa
ilm=8 to better matchNb and to emphasize the influence of

amphiboles on sub-chondritic Nb/Ta=12.72. See text for details.
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averaging procedures. Therefore, Figs. 3 and 8 proves two
important points: (1) despite complex and heterogeneous
lithologies in the continental crust, the model bulk crustal
composition (Rudnick and Gao, 2003) is a robust representation
of the continental crust; (2) syncollisional felsic magmatism,
such as represented by the more mafic andesitic LDF of the LVS
(and SGB) in southern Tibet, makes a genuine contribution to
the mass of continental crust as they represent juvenile crustal
materials derived from the mantle source in no distant past
through a transitory stage of ocean crust formation.

The apparent depletion in highly compatible elements like
Mg, Ni and Cr in the average LDF andesitic lithologies is a
typical feature for andesites as noted by Taylor and McLennan
(1985). High magnesian andesites have been put forward as
ideal candidates for making continental crust because they have
elevated Mg, Ni and Cr relative to the more common andesites
(Kelemen, 1995; Tatsumi, 2006). We suggest here, however,
that the “missing”Mg, Ni and Cr in syncollisional andesites are
complemented by mafic and ultramafic lithologies (added
oceanic plateaus, flood basalts, komatiites, ophiolites etc.) in the
continental crust whose lower abundances of incompatible
elements may modify, but cannot compensate the elevated
abundances and systematics of incompatible elements in the
bulk crust (Figs. 3, 4, 8). To quantify the elemental budget is
beyond the scope of this current paper, which requires a large
data set from the entire LVS and SGB that we collected in 2006
and are currently under investigation.

6.3. Zones of continental collision— the sites of mantle derived
materials processed into andesitic crustal composition

In the standard “andesite” or “island arc” model for
continental crust accretion, intra-oceanic volcanic arcs are
required because of the understanding that the “arc-like
signature” (Fig. 3) of continental crust originates from arc
volcanism (e.g., Taylor and McLennan, 1985). In recent years,
“oceanic plateaus”, interpreted to result from episodic mantle
plume activities, are considered to be important in crustal mass
addition (Stein and Hofmann, 1994; Abbott and Mooney, 1995;
Abbott et al., 1997; Polat et al., 1998; Albarède, 1998; Condie,
2000; Niu et al., 2003), and in explaining model age “spikes”
preserved in the geologic record (McCulloch and Bennett,
1994; Condie, 2000). Assuming these two types of contribution
are necessary, then closing of ocean basins with subduction
zones is required to amass the intra-oceanic arcs and “scattered”
oceanic plateaus to the growing continent.

However, if crustal production (magmatism) and loss
(through subduction erosion and sediment recycling) at modern
subduction zones, both intra-oceanic and Andean-type, is mass
balanced (von Huene and Scholl, 1991; Scholl and von Huene,
2004; Clift and Vannucchi, 2004), and if crustal recycling at
subduction zones has been important since ~2 Ga (Kramers and
Tolstikhin, 1997), then active subduction zones may not have
been the major sites of crustal growth. If oceanic plateaus are
indeed important mass contributors to crustal growth (e.g.,
Abbott and Mooney, 1995), then the question remains (1) how
has the continental crust developed its andesitic composition,
and (2) where has the continental crust inherited its “arc-like
signature”?

Following our foregoing discussions, we suggest that
syncollisional felsic magmatism may in fact be the major
mass contributor to crustal growth. For example, both LVS and
SGB are volumetrically significant. Their andesitic composition
(i.e., the most mafic LDF, which is likely to be the source rock
for the more felsic MNF and UPF) may have resulted from
partial melting of the remaining part of the Tethyan ocean crust,
from which the LVS and SGB inherited the mantle isotopic
signatures (Fig. 5; see also Mo et al., 2007). The latter affords
evidence of the LVS and SGB being materials of the juvenile
crust. As the syncollisional process of juvenile crust formation
derives magmas from the ocean crust atop the subducting/
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underthrusting oceanic lithosphere within the mantle, the more
mafic residue of ocean crust melting remains in the mantle,
which circumvents the need of the otherwise unknown process
(es) to convert the more mafic arc assemblage to the andesitic
continental crust required by the standard “island arc” model.
Partial melting of the ocean crust at conditions of ≤~40 km not
only explains the lack of “garnet signature”, but also the
characteristic “arc-like signature” (except for Sr; see above) in
the melt parental to the LVS and SGB. The residual ocean crust
after melt extraction will continue to enter the deep mantle
along with the subjacent oceanic lithosphere.

Therefore, zones of continental collision are ideal sites of
juvenile crust formation and continental crust accretion. We use
the syncollisional LVS (and the coeval SGB) in southern Tibet
to illustrate the concept, but similar observations have in fact
been documented for the giant (N500,000 km2) Central Asian
Orogenic Belt (CAOB; from Central-Northern Mongolia to
Transbaikalia, and from Kazakhstan, Xinjiang, through south-
ern Mongolia, Inner Mongolia to NE China), where hundreds of
Paleozoic to early Mesozoic age granitoid batholiths are widely
distributed, many of which having ɛNd(t)N0 (Jahn et al., 2000a,
b). We speculate the CAOB granitoid batholiths must have
formed the same way as we perceive for southern Tibet.

6.4. An efficacy test of our hypothesis

We have interpreted that the Paleogene felsic magmatism
along the Gangdese Belt in southern Tibet as resulting from
partial melting of the final bit of the Tethyan ocean crust in
response to the India–Asia continental collision in terms of
straightforward tectonic analysis, geological observations,
geochemical arguments and petrologic concepts. Given the
fact that our interpretation concerns the fundamental problem of
where and how mantle derived melts contribute to continental
crustal mass; it is necessary to test the interpretation fully
quantitatively in terms of thermal and geochemical models. The
debate on whether subducting slabs in active subduction zones
can melt or not over the past decades (see Peacock, 2003;
Kelemen et al., 2003c), for example, suggests that any
convincing thermal model on whether trapped ocean crust can
melt or not during continental collision is still distant, although
simple physical arguments and phase relationship analysis (Fig.
7) suggests that such melting is more than likely.

Fully quantitative geochemical modeling is also remote
because existing melting experiments on amphibolite or similar
rocks are limited to phase stability, which does not allow
quantitative parameterization of the melting reactions and
melting mode proportions necessary for both major element
and trace elements modeling. However, simple batch melting
calculations with reasonable assumptions can be done to
illustrate that partial melting of amphibolite of ocean crust
protoliths can reproduce the first-order systematics of observed
trace elements of the andesitic LDF of the LVS and the model
continental crust (Rudnick and Gao, 2003). Fig. 9 shows our
attempt by focusing on key elements (Th, Nb, U, Ta, La and Nb/
Ta) that capture the critical feature of the continental crust. In
calculations, we choose a combined “75% N-MORB+25% E-
MORB” (Niu and O'Hara, 2003) as source rock, i.e., we
normalized the andesitic LDF and model continental crust
against this chosen MORB source in Fig. 9. This choice is based
on the fact that statistically about 25% of MORB with [La/
Sm]NN1 and 75% with [La/Sm]Nb1 (Niu et al., 1999, 2001,
2002a). Note that bulk ocean crust (Niu and O'Hara, 2003) is
too depleted as the source to explain the observations, which is
interesting and important (i.e., gabbroic lower ocean crust is too
depleted; Niu et al., 2002b). Amphibolite mineral modes of
MORB protoliths (Niu and Lesher, 1991) and published
experimental partition coefficients are used for the calculations
(see caption to Fig. 9 for details). The negative anomalies of Nb
and Ta with respect to Th, U and La are easily produced with
ilmenite (or pseudobrookite) and amphibole as residual phases,
and sub-chondritic Nb/Ta ratio is a straightforward result
because KdNb

amp/LNKdTa
amp/Land because of high modal amphi-

bole (~66.4 wt.%) and low modal ilmenite (only 4.4 wt.%)
despite KdNb

ilm/L≤KdTa
ilm/L.

Fig. 9a shows that 5%, 10%, 20% and 30% batch melting of
the chosen MORB reproduces the CC and LDF reasonably well,
especially for 5% and 10% melting, given the simplicity of the
calculations because of many unknowns. Note that the more
sub-chondritic Nb/Ta=13.53 (vs. 16.1 of the source). Fig. 9b
shows results after an arbitrary change of KdNb

ilm/L =KgTa
ilm =8,

which is not unreasonable given the uncertainties of published
Kd values, to better match Nb and to emphasize the effect of
amphiboles on sub-chondritic Nb/Ta=12.72. It is important to
note that these results do not in any way mean that both LDF
and CC are produced by 5–10% melting of amphibolite of a
MORB protolith, but do emphasize the efficacy of our
hypothesis. The models should match the data much better
when considering involvement of terrigeneous sediments that
will elevate Th, U and La. In fact, we anticipate ~15 to 30%
melting to explain major element compositions and volumes of
the melt produced.

To quantitatively evaluate the mass of the juvenile crust
produced is not straightforward. Nevertheless, some rough
estimates can be done. We assume (1) only the andesitic LDF
(and equivalent intrusive portions) is melting product of the
underthrusting Tethyan ocean crust (i.e., the dacitic MNF and
rhyolitic UPF are melting derivatives from the LDF; see above);
(2) a convergence rate of ~50 mm/yr (or 50 km/Myr) over the
~5 Myr period for the andesitic LDF; (3) only the upper ~3 km
basaltic portion of the 7 km crust (i.e., basalts and sheeted dykes
vs. lower crustal gabbros and cumulate) is involved in melting
(see above); (4) the extent of melting is 30%; and (5) andesite is
about 3% less dense than basalt, then we obtain 5 Myr⁎50 km/
Myr⁎3.0 km⁎0.3⁎1.03=232 km3 andesitic crust per km strike
length produced in this 5 Myr period. That is, the andesitic crust
production rate is ~46 km3 km−1 strike length per Myr. By
assuming 30% melting of the upper ~4 km ocean crust, we
would get ~62 km3 km−1 strike length per Myr. If we apply this
rough production rate to the entire 1500 km south Gangdese
Belt, there would be ~348,000 km3 to 464,000 km3 juvenile
andesitic crust. These estimates are to a first order consistent
with the rough (not well-constrained) estimated volume of
~350,000 to 500,000 km3 for the LVS and SGB combined.
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It is interesting to note that the melt production rate of ~46 to
62 km3 km−1 strike length per Myr is 1.5 to 2 times greater than
the model average of ~30 km3 km−1 arc strike length/Myr for
Phanerozoic arc-crust production (e.g., Reymer and Schubert,
1984). This comparison may be less relevant because the
syncollisional magmatism is short-lived whereas arc crust
production at active subduction zones is long-lived and steady
state. However, the latter is shown to be mass balanced by
subduction erosion and sediment recycling (von Huene and
Scholl, 1991; Clift and Vannucchi, 2004), whereas the syncolli-
sional magmatism, along with the intra-oceanic plateaus trapped
during collision, maintains net growth of the continental crust.We
emphasize that precise estimation of juvenile crustal growth rate
by syncollisional felsic magmatism requires a better under-
standing of melting processes by means of well-controlled
melting experiments of amphibolite with MORB protolith to
establish melting reactions with correct meltingmode coefficients
as a function of P–T conditions and water contents while paying
attention to accessory phases and trace element partitioning.

7. Summary

1. The Linzizong volcanic rocks (~65–45 Ma) and the coeval
~60–40 Ma granitoids are dominant magmatic rocks
distributed along much of the N1500 km long Gangdese
Belt immediately north of the India–Asia suture (Yarlung–
Zangbo) in southern Tibet (Fig. 1). They represent a
magmatic response to the India–Asia continental collision
as it progressed from a “soft” touch at ~70/65 Ma to a “hard”
clash at ~45/40 Ma.

2. Our study of these rocks, primarily the LVS rocks from the
Linzhou Basin near Lhasa (Fig. 1), shows that the
syncollisional magmatism is broadly andesitic to rhyolitic
in composition (Fig. 2) with a first-order temporal variation
from the andesitic LDF (64.4–60.6 Ma), to the dacitic MNF
(~54 Ma), and to the rhyolitic UPF (48.7–43.9 Ma) in terms
of SiO2 content with corresponding bulk rock major and
trace element variations (Figs. 3 and 4).

3. All three formations show no systematic but overlapping
Nd–Sr isotope variations (Fig. 5) despite the first-order bulk-
rock compositional systematics (Fig. 4). The isotopically
depleted end-member with εNd(t)N0 substantiates that their
primary sources are of mantle (vs. continental crust) origin.

4. The large volumes and vast spatial distribution of these felsic
rocks preclude their being derived from melts of mantle
peridotites, but are consistent with melting products of
basaltic source rocks. The isotopically depleted mantle
signature substantiates that the basaltic source rocks must
have been derived recently from the asthenospheric mantle.
In the broad context of Tethyan ocean closing and India–
Asia collision, the remaining bit of the Tethyan ocean crust is
the best source candidate.

5. The Tethyan ocean crust, upon collision, would subduct/
underthrust slowly, tend to attain thermal equilibrium with
the superjacent warm Andean-type arc lithosphere, and thus
evolve along a high T/P path in P–T space. The warm
hydrated ocean crust would melt when reaching the hydrous
basaltic solidus in the amphibolite facies to produce andesitic
melts parental to the LVS and SGB.

6. Ilmenite (or pseudobrookite) is a common phase in
amphibolite of MORB protolith, and its refractory nature
makes it a residual phase during melting that preferentially
hosts Ti, Nb and Ta, which, combined with the influence of
amphibole, accounts for the depletion of these elements in
the melt. Residual amphibole that possesses super-chondritic
Nb/Ta ratio explains the sub-chondritic Nb/Ta ratio in the
melt (Fig. 9). Residual calcic plagioclase explains the small
but discernible negative Sr anomaly in the melt (Figs. 3,8).
Involvement of recycled mature crustal materials (e.g.,
terrigeneous sediments) plus effects of seafloor alteration
enhances the abundances of elements such as Ba, Rb, Th, U,
K and Pb. The lack of garnet signature in the melt is
consistent with the high T/P evolution path where garnet is
not a stable phase (Fig. 6). Hence, the characteristic “arc-like
signature” can be developed this way without requiring
processes of active subduction zones.

7. Therefore, we propose that continental collision zones are
ideal sites of net crustal growth through process of
syncollisional felsic magmatism. While our interpretations
are reasonable in terms of straightforward petrology,
geochemistry and tectonics, they can be refined with well-
controlled amphibolite melting experiments as well as
detailed studies of samples with greater spatial coverage
along the entire Gangdese Belt.
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